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Abstract
The capacity of varicella zoster virus (VZV) to cause varicella (chickenpox) relics upon multiple
steps, beginning with inoculation of the host at mucosal sites with infectious virus in respiratory
droplets. Despite the presence of a powerful immune defense system, this virus is able to
disseminate from the site of initial infection to multiple sites, resulting in the emergence of
distinctive cutaneous vesiculopustular lesions. Most recently, it has been proposed that the steps
leading to cutaneous infection include VZV infecting human tonsillar CD4+ T cells that express
skin homing markers that allow them to transport VZV directly from the lymph node to the skin
during the primary viremia. It has also been proposed that dendritic cells (DC) of the respiratory
mucosa may be among the first cells to encounter VZV and these cells may transport virus to the
draining lymph node. These various virus-host cell interactions would all need to occur in the face
of an intact host immune response for the virus to successfully cause disease. Significantly,
following primary exposure to VZV, there is a prolonged incubation period before emergence of
skin lesions, during which time the adaptive immune response is delayed. For these reasons, it has
been proposed that VZV must encode functions which benefit the virus by evading the immune
response. This chapter will review the diverse array of immunomodulatory mechanisms identified
to date that VZV has evolved to at least transiently limit immune recognition.

1 Introduction
Primary varicella zoster virus (VZV) infection leading to varicella (chickenpox) is initiated
by inoculation of mucosal sites, most frequently the upper respiratory tract, with infectious
virus in respiratory droplets (Grose 1981). From the time of virus inoculation of the host to
development of the cutaneous rash, there are multiple steps and many virus–cell
interactions. For example, VZV may enter directly into a primary viremia, following
infection of human tonsillar CD4+ T cells that express skin homing markers that allow them
to transport VZV directly from the lymph node to the skin during the primary viremia (Ku ct
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al. 2002, 2004). Furthermore, it has been proposed that dendritic cells (DCs) of the
respiratory mucosa may be among the first cells to encounter VZV during primary infection
and may serve as a means for viral transport to the draining lymph node (Abendroth et al.
2001b; Morrow et al. 2003), where a primary cell-associated viremia initiates, during which
time virus is transported to the reticuloendothelial organs where it undergoes another period
of replication that results in a secondary cell-associated viremia and virus transport via T
cells to the skin (Arvin et al. 1996; Grose 1981). At the skin, deep cutaneous infections are
established which are maintained and contained during the incubation period, followed by
emergence at the surface into distinctive vesiculopustular lesions. VZV also gains access to
nerve axonal termini, and establishes a persistent latent state in which some viral antigens
appear to be expressed. These different virus–host cell interactions would all need to occur
in the face of an intact host immune response for the virus to successfully cause disease. It
is, therefore, reasonable to predict that VZV encoded immune evasion mechanisms
manifested during the first stages of primary infection as well as during latency and
following reactivation so as to benefit virus by limiting and/or delaying immune recognition.
Indeed, after primary exposure to VZV there is a prolonged incubation period of 10–21 days
before appearance of skin lesions, during which time the adaptive response is delayed or
virus remains initially undetected by the developing adaptive immune response. This
suggests that VZV must encode immunomodulatory strategies to delay immune detection
(Arvin 2001). This chapter will review the diverse array of mechanisms identified to date
that VZV has evolved to at least transiently evade the immune response.

2 VZV Interference with Interferons
Immune control of productive VZV infection involves both innate and adaptive host
responses (Abendroth and Arvin 1999). The innate host immune response, involving natural
killer (NK) cells, NK-T cells, and type 1 (α and β) and type II (γ) interferon (IFN), is an
important early host response designed to prevent or limit virus spread within the host
(Abendroth and Arvin 2001; Arvin et al. 1986). In response to virus infection, a variety of
signal transduction pathways are activated by the innate responses, including the expression
of type I IFNs (i.e., IFN α/β), that induce a large number of IFN-stimulated genes, leading to
an antiviral state. These genes include those encoding proteins such as protein kinase R
(PKR), 2–5 oligoadenylate synthetase (2–5 OAS), and the Mx proteins that induce an
antiviral response by interfering with viral transcription, translation, and likely other viral
processes such as viral DNA replication and assembly (Muller et al. 1994; Sadler and
Williams 2008). Many viruses have evolved mechanisms that impair the synthesis of IFNs
or interfere with the downstream antiviral effects of IFNs (Garcia-Sastre and Biron 2006;
Haller et al. 2006; Katze et al. 2002).

Both type I and type II IFNs can inhibit VZV replication in vitro (Balachandra et al. 1994;
Desloges et al. 2005). The importance of type I IFNs in vivo is highlighted by the
observation that treatment of immunocompromised individuals with IFNα can reduce the
severity of varicella (Arvin et al. 1982). Thus, VZV induced control of expression of IFNs
and/or the downstream IFN signaling events would be likely to provide a survival advantage
to the virus during replication. Ku et al. assessed IFNα expression during VZV infection of
human skin xenografts in SCID mice (Ku et al. 2004) by immunohistochemical detection of
IFNα and reported its expression in epidermal skin cells in uninfected skin (Ku et al. 2004).
In contrast, IFNα expression was downregulated in VZV infected cells within VZV infected
skin xenografts, and upregulatcd in bystander uninfected epidermal cells, suggesting that
local proximity to the infection were in an antiviral state, but that VZV modulated the
expression of IFNα. To verify block in IFNα signaling in VZV infected skin cells,
immunohistochemical staining for Stat-1 phosphorylation revealed that Stat1 was
phosphorylated and translocated to the nuclei in the neighboring uninfected cells, but not in
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the VZV-infected cells. In combination, these observations suggest that VZV infection of
human skin cells impairs Stat1 activation and IFNα production in VZV infected skin cells,
but may not be able to prevent signaling to bystander cells, which in turn may contain the
spreading VZV lesion. This is supported by the observation that inhibition of Type I IFN
activity by administration of an IFN α/β receptor neutralizing antibody (Colamonici and
Domanski 1993) to SCTD-hu skin mice resulted in more extensive viral replication and
lesion formation compared with mice that received no antibody (Ku et al. 2004). These
findings demonstrate that IFNα can modulate cutaneous VZV replication in vivo but that
VZV can inhibit IFNα and in doing so enhance the capacity to replicate in the skin.

In the context of immune function in the presence of IFNα, Ambagala and Cohen (2007)
reported that VZV IE63 is required to inhibit IFNα induced antiviral responses in vitro
(Ambagala and Cohen 2007). This study utilized a viable ORF63 deletion virus to infect
human melanoma cells and showed that this virus was hypersensitive to the antiviral effects
of human IFNα (i.e., replication was severely inhibited in the presence of IFNα), compared
to parent virus or other viral gene mutants. The ORF63 deletion mutant was hypersensitive
to IFNα but not IFNγ, with IFNα inhibiting viral gene expression at a posttranscriptional
level in ORF63 deletion virus-infected cells.

An important component of the innate response which is enhanced by the activity of IFNs is
signaling by the double stranded RNA sensor PKR. Unless blocked, activated PKR
phopshorylates the α-subunit of eukaryotic initiation factor 2 (eIF-2α) and effectively
inhibits initiation of translation. In the closely related herpesvirus HSV-I, PKR is blocked by
several viral genes, predominantly by the γ34.5 gene, which redirects the protein
phosphatase 2 (PP2A) to dephosphorylate EIF2α. An increased level of phosphorylated
eIF-2α was reported in VZV ORF63 deletion virus-infected cells compared to those infected
with parent virus (Ambagala and Cohen 2007). In the same study, cells transiently
transfected with a plasmid expressing ORF63 showed a decrease in basal levels of
phosphorylated eIF-2α, demonstrating that IE63 is sufficient to inhibit this phosphorylation.
Taken together, these results indicated that IE63 play a role in modulating innate immune
response to VZV by interfering with IFNα induced signaling and the activity of the PKR
sensor. Interestingly, Desloges et al. reported that productive VZV infection does not
significantly alter levels of PKR in human melanoma cells (Desloges et al. 2005). Thus,
there is uncertainty as to how VZV induces phosphorylation of eIF-2α in the absence of
IE63, but it has been postulated that VZV ORF63 mediated disruption of eIF-2α
phosphorylation may occur in a PKR-independent manner (Ambagala and Cohen 2007).

Thus, it appears that VZV can both impair expression of IFNα as well as inhibit antiviral
signaling induced by IFNα. Additional studies will be required to identify the viral gene(s)
that suppress IFNα expression. Similarly, further work examining PKR expression and
function during infection with ORF63 deleted virus will be required to reveal the precise
mechanism by which this viral gene product disrupts eIF-2α phosphorylation.

VZV ORF66 protein has been shown to block the induction of the IFN signaling pathway in
T cells following IFNγ exposure (Schaap et al. 2005). Schaap et al. (2005) reported that
following IFNγ treatment Stat-1 phosphorylation was significantly reduced in T cells
infected with parental virus as compared to cells infected without a functional ORF66
(Schaap et al. 2005). The mechanism by which ORF66 modulates IFNγ signaling has yet to
be reported, although it may be possible that ORF66 functions in a manner similar to its
HSV-1 related gene product Us3 which phosphorylates the IFNg receptor (Liang and
Roizman 2008).
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3 Interference with Antigen Presentation by VZV
During primary infection, both VZV specific CD8+ and CD4+ T cells develop and function
in the resolution of varicella (Abendroth and Arvin 1999). Individuals with impaired cell-
mediated immunity have an increased risk of more severe varicella (Gershon et al. 1997;
Jura et al. 1989). A decline of cell-mediated immunity has also been associated with the
increased risk of herpes zoster in the elderly, high-lighting the significance of VZV-specific
T cells in reactivation from latency (Levin and Hayward 1996). Evaluation of the kinetics of
the VZV specific CD4+ T cell response during varicella revealed that VZV specific T cells
were rarely detected until varicella rash onset (Arvin et al. 1986). These observations are
consistent with the hypothesis that VZV evades host recognition by T cells during the
prolonged incubation period following initial infection (Abendroth and Arvin 2001),
enhancing virus access to skin sites of replication, thus enabling transmission to others. A
delay in the acquisition of VZV-specific T cells for > 72 h was associated with persistent
viremia, more lesions, and in extreme cases, potentially fatal virus dissemination (Abendroth
and Arvin 2001). These observations have led to the analysis of major histocompatibility
complex (MHC) class I and class II expression in VZV infected cells.

3.1 Downregulation of MHC Class I Molecules by VZV
Surface MHC class I, consisting of heterotrimers of a membrane bound heavy chain (αC), a
light chain β2microglobulin (β2m), and antigenic peptides, are required for target cell
recognition by CD8+ T cells (Hansen and Bouvier 2009). Based upon the hypothesis that
VZV may evade immune detection by T cells, Cohen (1998) reported that both wild-type
VZV (Emily) and the vaccine virus (Oka) could downregulate cell-surface levels of MHC
class I heavy chain on human fibroblasts (HFs) (Cohen 1998). Radioactive labeling
experiments and western blotting for MHC class heavy chain revealed that the amount of
newly synthesized and total cellular MHC class I protein was comparable in VZV-infected
and uninfected cells, suggesting that VZV may interfere with the MHC class I biosynthesis
pathway at a posttranslational level (Cohen 1998).

Similar findings were reported by Abendroth et al. following VZV infection of HFs and T
cells (Abendroth et al. 2001a). Flow cytometric analysis revealed that a clinical VZV strain
(Schenke) and the vaccine virus (Oka) selectively downregulated cell-surface expression of
MHC class I on cultured HFs and also on VZV-infected T cells derived from infected SCID-
hu thymus/liver mice. To identify potential mechanisms, biochemical analyses and
immunofluorescent staining and confocal microscopy of VZV infected HFs were used.
These approaches revealed that VZV interferes with MHC class I transport from the Golgi
to the cell-surface (Abendroth et al. 2001a), suggesting the pathway by which VZV
downmodulates cell-surface MHC class I expression is different from that of other α-
herpesviruses such as herpes simplex virus (HSV) and bovine herpes virus (BHV). The
latter express proteins (HSV ICP47 and BHV UL49.5) that interfere with the transporter
associated with antigen presentation (TAP), thus blocking the transport of antigenic peptides
from the cytoplasm into the endoplasmic reticulum (ER) lumen (Ahn et al. 1996; Koppers-
Lalic et al. 2005, 2008; Tomazin et al. 1996; Verweij et al. 2008).

To elucidate viral gene classes responsible for MHC class I downmodulation in VZV
infected cells, phosphonoacetic acid (PAA), an inhibitor of viral DNA replication and VZV
late gene expression, was added to VZV infected cells and cell-surface MHC class I
expression was measured by flow cytometry. In the presence of PAA, MHC class I
expression at cell surfaces was not reduced compared to untreated cells, suggesting that
VZV immediate early or early gene product(s), or a virion component(s) maybe involved in
downregulation of cell-surface MHC class I on infected cells. Furthermore, a transient
transfection approach using a variety of VZV expression constructs in HFs was then utilized
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to better define the viral gene responsible for this phenotype. In cells transiently transfected
with a plasmid encoding the VZV ORF66 protein kinase, there was a significant decrease in
cell-surface MHC class I expression, suggesting that ORF66 was sufficient to downregulate
cell-surface MHC class I expression (Abendroth et al. 2001a).

Eisfeld et al. (2007) went on to examine the effects of the ORF66 protein kinase on cell
surface MHC class I expression alone and in the context of VZV infection using a panel of
recombinant replication defective adenoviruses and VZV expressing functional or altered
ORF66 protein kinase genes tagged with green fluorescent protein (Eisfeld et al. 2007). In
VZV infected MRC-5 cells, downregulation of cell-surface MHC class I required the
expression of a functional ORF66 protein kinase domain. This represents a novel role for
VZV ORF66 protein kinase in immune evasion. The expression of a functional ORF66
kinase impaired MHC class I maturation in the absence of influencing MHC class I
synthesis, degradation or association with β2m, and suggested the kinase induced a delay in
the processing of MHC class I trimeric complexes through the Golgi to an endoglycosidase
H resistant form. Using a combination of immunoprecipitation experiments and
immunofluorescent staining and confocal microscopy there was little evidence suggesting a
close or direct association of ORF66 with folded MHC class I molecules or MHC class I
heavy chains (Eisfeld et al. 2007). However, VZV lacking the kinase activity still
downmodulated MHC class I expression to a lesser extent, suggesting additional proteins
may be involved. In the same study, the role of VZV ORF9a protein, which is analogous to
the BHV UL49.5 gene which modulates MHC class I, was also assessed. HFK293T cells
transiently transfected with an ORF9a expression construct showed no decrease in cell-
surface MHC class I, indicating that the MHC class I downmodulatory function of ORF9a is
not conserved between BHV and VZV. Additional detail on the function of the ORF66
protein kinase is provided in (Erazo et al. 2009).

VZV specific cell-mediated immunity would be well established in the skin during the
development of varicella skin lesions and ORF66 encoded MHC class I downregulation may
play a role in allowing skin cells to transiently evade CD8+ T cell surveillance, facilitating
local virus replication and transmission during the first few days of cutaneous lesion
formation. The assessment of MHC class I expression on human skin cells following
inoculation of SCID-hu skin mice or of human skin explants with an ORF66 mutant virus
would assist in elucidating the in vivo immunomodulatory roles of ORF66. It also remains
to be determined whether ORF66 causes the downregulation of MHC class I observed on
VZV infected T cells (Abendroth et al. 2001a), but it is interesting to note that ORF66
mutant viruses are impaired for growth in T cells and this has been attributed to an increased
susceptibility of infected T cells to apoptosis (Schaap et al. 2005). Thus, ORF66 may
employ multiple mechanisms during VZV infection to enable immune evasion and promote
T cell survival to enable virus spread and transfer to the skin.

VZV and other viruses that modulate cell-surface MHC class I expression may evade CD8+

T cell recognition; however, the overall reduction of cell-surface MHC class I may make
these infected cells more sensitive to NK cell mediated killing (Farrell and Davis-Poynter
1998; Tortorella et al. 2000). In this respect, VZV infected HFs are susceptible to NK cell
mediated lysis (Bowden et al. 1985; Ihara et al. 1984; Ito et al. 1996), although any
contribution of downregulated MHC class I to this killing remains to be examined. Prior
studies on human cytomegalovirus (HCMV) and murine cytomegalovirus (MCMV) have
revealed that these herpesviruses have evolved a variety of mechanisms to combat NK cell
recognitions as well as CD8+ T cell recognition and killing (Miller-Kittrell and Sparer 2009;
Wilkinson et al. 2008). In contrast, to date VZV has not been reported to encode an MHC
class I homolog, although it remains possible that VZV may subvert NK cell-mediated
killing either via expression of an as yet unidentified MHC class I homolog or
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downmodulation of selective MHC class I alleles. Human immunodeficiency virus (HIV)
has been previously shown to selectively downregulate the cell-surface expression of
specific MHC class I alleles and not others, preventing NK mediated killing (Cohen et al.
1999). To date, there have been no reports examining whether VZV may also cause an allele
specific downmodulation of MHC class I molecules which may enable VZV to evade NK
cell mediated killing.

3.2 VZV Interference with MHC Class II Expression
Unlike MHC class I molecules, constitutive expression of MHC class II is restricted to B
cells, monocytes, DCs, and thymic epithelium. However, IFNγ treatment can stimulate
MHC class II expression by many cell types, including HFs (Collins et al. 1984; Pober et al.
1983). The importance of CD4+ T cells for resolution of varicella lead to the postulation that
VZV may encode an immunomodulatory function that allows the virus to inhibit the
induction of MHC class II expression by IFNγ (Abendroth et al. 2000). VZV strain Schenke
infected HFs were treated with IFNγ to stimulate MHC class II expression and then
analyzed by How cytometry, Upregulation of cell-surface MHC class II expression was
impaired in VZV infected cells compared with mock infected counterparts. In contrast, cells
that were treated with IFNγ prior to VZV infection expressed comparable levels of MHC
class II to mock infected cells treated with IFNγ. Taken together, these results demonstrated
that VZV inhibited IFNγ-mediated upregulation of MHC class II but could not downregulate
MHC class II already induced by IFNγ. Northern blot and in situ hybridization for MHC
class II α-chain transcripts in infected cells treated with IFNγ revealed that VZV suppressed
upregulation of MHC class II at the level of mRNA transcription (Abendroth et al. 2000).
VZV infection inhibited the expression of Stat1α and Jak2 proteins, but had no effect on
Jak1. Furthermore, VZV infection inhibited transcription of the interferon regulatory factor
(IRF-1) and class II transactivator (CIITA). Collectively these data demonstrated that VZV
encodes an immunomodulatory function which directly interferes with the IFNγ signal
transduction via the Jak/Stat pathway and enabled the virus to inhibit IFNγ induction of cell-
surface MHC class II expression (Abendroth et al. 2000). The significance of these in vitro
based studies was further confirmed by examination of varicella and herpes zoster skin
biopsies for MHC class II and VZV RNA synthesis by in situ hybridization. These
experiments demonstrated that during natural cutaneous infection, dermal and epidermal
cells infected with VZV do not express MHC class II transcripts in vivo, whereas MHC
class II transcripts were readily detected in the uninfected bystander uninfected cells
(Abendroth et al. 2000).

More recently, analyses of VZV encoded MHC class II modulation was extended to VZV
infected human keratinocytes. Black et al. (2009) demonstrated that immortalized human
keratinocytes infected with cell-free VZV virus (Oka) and subsequently treated with IFNγ
failed to upregulate MHC class II molecules to the same level as the IFNγ treated mock
infected keratinocytes (Black et al. 2009). This supports the notion that despite attenuation,
the vaccine virus still retains its capacity to interfere with IFNγ induced MHC class II
upregulation, as is the case for downregulation of MHC class I (Abendroth et al. 2001a;
Cohen 1998). Significantly, VZV infected keratinocytes treated with IFNγ were impaired in
their ability to stimulate antigen specific CD4+ and CD8+ T cells in vitro compared with
IFN treated uninfected keratinocytes (Black et al. 2009). The mechanisms involved in
modulating the IFNγ upregulation of MHC class II in keratinocytes may be similar to that
reported in VZV infected HFs (Abendroth et al. 2000), although this remains to be
determined. Furthermore, the viral gene product(s) responsible for inhibiting IFNγ induced
MHC class II in keratinocytes or HFs has yet to be elucidated. It has been shown that
ORF66 blocks the induction of IFN signaling in human T cells following IFN treatment
(Schaap et al. 2005). Given that HFs and keratinocytes are important cell types for viral
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replication in the skin (Nikkels et al. 1995), the capacity of VZV to inhibit IFNγ induced
upregulation of MHC class II in these cells is likely to provide the virus with an important
strategy for evasion of CD4+ T cell recognition during both varicella and herpes zoster.

4 VZV Interference with the NFkB Pathway and Intercellular Adhesion
Molecule 1 Expression

NFκB is a potent transcription factor that is normally present within cells in an inactivate
state in the cytoplasm due to its association with the inhibitory protein IκBα Degradation of
IκBα results in translocation of NFκB proteins to the nucleus where they stimulate
expression of a wide range of genes, including those involved in the immune response
(Ghosh and Hayden 2008; Hayden and Ghosh 2008). In a microarray based study of VZV
infected HFs, Jones and Arvin (2005) reported that many NFκB responsive genes were
downregulated following infection (Jones and Arvin 2005). In a subsequent report, the same
authors performed an analysis of the NFκB activation pathway in VZV infected HFs and
revealed that after a transient nuclear localization VZV interferes with this pathway by
sequestering NFκB proteins (p50 and p65) in the cytoplasm of VZV infected cells (Jones
and Arvin 2006). The cytoplasmic sequestration of p50 and p65 required VZV protein
expression, as UV-inactivated virus did not inhibit the nuclear translocation of these NFκB
proteins. In addition, while IκBα is normally degraded to enable translocation of NFκB
proteins to the nucleus, VZV infection of HFs inhibited this degradation. The inhibition of
nuclear import of NFκB proteins was confirmed in vivo, where in epidermal cells in skin
xenografts of SCID-hu mice infected with VZV, p50 and p65 remained in the cytoplasm of
VZV infected cells, yet neighboring uninfected epidermal cells displayed normal nuclear
accumulation of these NFκB proteins (Jones and Arvin 2006). This finding is consistent
with other work from the Arvin group demonstrating that VZV infected skin cells in vivo
lacked IFNα expression and Stat-1 remained localized to the cytoplasm, whereas
surrounding uninfected bystander cells expressed IFNα and Stat-1 was phosphorylated and
translocated into the nucleus (Ku et al. 2004). Given that NFκB is a major inducer of IFNα
transcription, viral modulation of the NFκB signaling pathway would likely limit IFNα
production within VZV infected cells. The VZV gene product(s) responsible for the
modulation of the NFκB pathway in HFs or any other cell-type is yet to be elucidated. Given
the pivotal role the NFκB signaling pathway plays in both the innate and adaptive arms of
the immune response, it is likely that regulating the actions of this transcription factor may
be central in other cell-types infected with VZV such as DCs.

In the presence of proinflammatory cytokines such as IFNγ and tumor necrosis factor
(TNF), keratinocytes can be induced to express not only MHC class II molecules but also
surface intercellular adhesion molecule (ICAM-1) which is the ligand for leukocyte function
antigen (LFA-1) expressing T cells (Rothlein et al. 1986). Nikkels et al. (2004) performed an
immunohistochemical analysis for a variety of different immune cell markers and cytokines
on frozen sections from herpes zoster skin biopsies. Despite increased expression of IFNγ,
TNFα, and IL-6 in VZV infected skin there was a decrease in expression of both ICAM-1
and MHC class II in VZV infected keratinocytes within the center of the herpes zoster
lesions (Nikkels et al. 2004). This was the first demonstration that VZV could modulate
ICAM-1 expression. Black et al. (2009) also examined ICAM-1 expression on uninfected
keratinocytes in comparison to VZV infected keratinocytes in vitro. Similar to their
assessment of cell-surface MHC class II expression, human keratinocytes infected with
VZV inhibited IFNγ mediated upregulation of ICAM-1. These reports demonstrate that
VZV encodes an immunoevasive strategy targeting the expression of ICAM-1 in both
keratinocytes in vitro and in vivo and identifies an additional mechanism by which VZV
may evade T cell clearance.
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The molecular basis of VZV mediated ICAM-1 inhibition was assessed in infected
melanoma cells (MeWo) and human MRC5 cells (El Mjiyad et al. 2007). Consistent with
the study by Jones and Arvin (2006), nuclear translocation of p50 was strongly decreased by
VZV infection, although inhibition of p65 translocation was less marked as nuclear
translocation of this subunit was still observed. Interestingly, using a coimmunoprecipitation
approach, VZV infection induced the nuclear accumulation of the NFκB inhibitor p100.
Significantly, in addition to the demonstration of inhibition of ICAM-1 mRNA synthesis,
analysis of TNFα treated VZV infected cells using an electrophoretic mobility shift assay
(EMSA) revealed that NFκB subunits present in VZV infected cells were unable to bind to
ICAM-1 or IL-8 promoters, thus providing a mechanistic basis for the inhibition of ICAM-1
expression (and possibly other genes) by VZV mediated interference with NFκB activation.

5 Impact of VZV on Human dendritic cells
DCs are bone-marrow derived potent antigen presenting cells (APCs) that are located at
many sites, including the skin, blood, lymph, and mucosal surfaces (Banchereau et al. 2000;
Banchereau and Steinman 1998; Klagge and Schneider-Schaulies 1999). DCs uptake and
process antigen in the periphery and transport viral antigens to T-cell rich areas of the lymph
nodes, where they display MHC–peptide complexes together with costimulatory molecules.
This results in the activation of naïve and resting antigen-specific T cells and effector T cell
differentiation (Banchereau et al. 2000). The hypothesis that DCs of the respiratory mucosa
may be the first cell type to encounter VZV during primary infection led to studies to
investigate VZV–DC interactions. Human immature monocyte derived DCs were shown to
be fully permissive to a productive VZV infection as immediate early (IE), early (E), and
late (L) viral gene products are made in CD1a+ DCs and infectious virus can be recovered
(Fig. 2). VZV infected immature DCs showed no significant decrease in cell viability or
evidence of apoptosis and did not exhibit altered cell surface levels of the immune
molecules MHC class I, MHC class II, CD86, CD40, or CD1a. Significantly, when
autologous T cells were incubated with VZV infected DCs, VZV antigens were readily
detected in CD3+ T cells and infectious virus was recovered from these cells (Abendroth et
al. 2001b). This work provided the first evidence that immature DCs were permissive to
VZV and that DC infection could lead to virus transmission to T cells, supporting the
hypothesis that DC may mediate virus dissemination in the initial viremia following
infection (Fig. 1).

As immature DC become mature their ability to stimulate T cells increases as a result of
upregulation of MHC I, MHC II, CD86, CD83, and CD80 (Banchereau and Steinman 1998).
Maturation of DC leading to migration and increased T cell stimulation is essential for
initiation of the immune response (Banchereau et al. 2000; Banchereau and Steinman 1998),
and so may represent an area targeted for disruption by VZV. While the impact of VZV
infection on the maturation of DCs has not yet been published, this is currently an area of
active investigation. As mature DCs are potent APCs essential for initiating successful
antiviral immune responses (Banchereau and Steinman 1998), they would also serve as an
ideal target for viruses such as VZV seeking to evade or delay the immune response by
disrupting their immune function. In this respect, Morrow et al. showed that VZV
productively infects mature monocyte derived DC, and in doing so, impairs their ability to
function properly by the selective downregulation of functionally important cell-surface
immune molecules MHC class I, CD80, CD83 and CD86 (Morrow et al. 2003). Importantly,
the same study demonstrated that VZV infection of mature DCs significantly reduced their
capacity to stimulate the proliferation of allogeneic T cells. Although the precise molecular
mechanisms responsible for VZV mediated downregulation of cell-surface MHC class I,
CD80, CD83, and CD86 remain to be elucidated, current evidence suggests that direct virus
infection and not soluble factors are required for this phenotype (Morrow et al. 2003). The
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identity of the VZV gene(s) responsible for the disruption of immune molecules during
productive infection of mature DCs has yet to be determined.

Hu and Cohen (2005) utilized a VZV ORF47 deletion virus to show that ORF47 was critical
for virus replication in immature DC, but not in mature DC. VZV ORF47 was however,
required for the full replicative cycle and for transmission of virus from these cells to other
cells. This study also demonstrated that both immature and mature DCs infected with VZV
had reduced surface Fas expression, which may protect infected cells from apoptosis, a
finding consistent with the previous report of a lack of apoptosis in VZV infected immature
DCs (Abendroth et al. 2001b).

The skin is a critical site of VZV infection during both varicella and herpes zoster, and skin
DCs play a pivotal role in the induction of antiviral immunity, so there is good reason to
study infection and modulation of DCs in human skin during natural cutaneous VZV
infection. The two subsets of DC that are normally present in human skin and which may
therefore be involved in the pathogenesis of VZV infection are the Langerhans cells (LC) of
the epidermis and dermal DC (DDC) (Valladeau and Saeland 2005). These CD1a+ DC are
found in an immature state in uninfected skin and following antigen capture have the
capacity to migrate from the periphery to the lymph nodes, where they interact with T cells
to initiate an immune response (Valladeau and Saeland 2005). There are also other types of
DC, such as the blood derived myeloid DC (MDC) and plasmacytoid DC (PDC) that may
also play a role in the pathogenesis of VZV infection. Of particular interest is the importance
of PDC in innate antiviral immune responses due to their ability to recruit to sites of
inflammation and secrete high levels of IFNα (Liu 2005; Siegal et al. 1999). PDC also
participate in adaptive immune responses through their secretion of cytokines and
chemokines that promote activation of effector cells, including NK, NKT, B, and T cells,
and also antigen presentation to T cells (Colonna et al. 2004; Salio et al. 2004; Zhang and
Wang 2005).

There have been several studies examining the impact of VZV infection on different DC
subsets. It has been reported that the frequency of CD1a+ DCs is reduced in VZV infected
skin epidermis compared to uninfected skin, demonstrating an alteration in the distribution
of DC in response to VZV infection of the skin (Nikkels et al. 2004). It has also been
reported that PDCs infiltrate into the dermis of varicella lesions, suggesting that these cells
contribute to the immune control of VZV infection (Gerlini et al. 2006).

Recent work from the Abendroth group has examined in more detail DC subsets in skin
biopsies from varicella and herpes zoster cases (Huch et al. 2010). Immunostaining and
microscopy analysis of VZV infected lesions of both varicella and herpes zoster showed that
in comparison to normal uninfected skin, the proportion of cells expressing DC-SIGN (DDC
marker) or DC-LAMP and CD83 (mature DC markers) were not significantly altered. In
contrast, the frequency of LCs was significantly decreased in VZV infected skin,
concomitant with a striking influx of PDC into VZV infected skin. The authors suggested
that this loss of LC from the skin was most likely to be a consequence of migration of these
cells to distal sites, such as lymph nodes. Within infected skin the LCs and PDC were
closely associated with VZV antigen positive cells, and a small proportion of both LC and
PDC showed evidence of VZV infection. Despite only sporadic detection of VZV infected
PDC and LC during natural cutaneous infection this finding is thought to be important when
considered in the context of the frequency of infection of other cell types which have been
shown to play crucial roles in the course of natural VZV infection. In this respect, the
proportion of VZV infected lymphocytes in peripheral blood during natural VZV infection
is very small, with estimates in the range of 1 in 100,000 PBMCs from healthy varicella
patients becoming infected, yet the role of peripheral blood T cells in transporting virus to
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distal sites is regarded as a significant event in VZV pathogenesis (Koropchak et al. 1989,
1991).

In an extension of these in vivo observations, PDC isolated from human blood and LC
derived from the MUTZ-3 cell line were shown to be permissive to VZV infection (Huch et
al. 2010). Interestingly, significant induction of IFNα by PDC did not occur following VZV
infection and infected PDC cultures remained refractory to IFNα induction even when
stimulated with a TLR9 agonist which stimulates IFNα production by PDC. Additional
work will be required to define the mechanism of VZV encoded modulation of IFNα
production by PDC and identification of any viral gene(s) that encode this function.
Furthermore, it remains to be determined whether infected PDC or LC are impaired in other
functions such as antigen presentation.

In summary, definition of changes that occur to the distribution of multiple DC subsets in
the skin of individuals suffering from primary and recurrent VZV disease, with the
identification of LC and PDC as subsets most affected during infection, implicates these
DCs as playing important roles in VZV pathogenesis. Furthermore, the capacity of VZV to
infect and impair function of different DC subsets highlights VZV mediated immune control
of these cells.

6 Concluding Remarks and Future Perspectives
Modulation of immune function has emerged as a powerful strategy by which the virus is
likely to evade or delay host defenses during critical stages of infection. This chapter has
highlighted the plethora of VZV encoded immune evasion strategies that are particularly
relevant to those who suffer from either varicella or herpes zoster, and ongoing
investigations will better define the relationship between VZV and the host immune system.
A significant outcome of elucidating mechanism and identifying viral genes that modulate
host immune surveillance and infection will be for development of a better “second
generation” vaccine against VZV disease. This vaccine should consist of specifically
targeted modifications, such that it replicates at the inoculation site without causing a lesion
and lacks viral genes that permit evasion of host defense mechanisms or infectivity for DCs,
yet induces immunity as effectively as natural infection.

The study of VZV encoded immune modulation poses several significant challenges. Firstly,
the high species specificity and the lack animal models to study VZV infection in the
context of a fully in intact immune response limits the capacity to study VZV control of
immune function. Secondly, the study of naturally infected individuals is complicated by the
difficulty in obtaining tissues from different anatomical sites and/or low levels of infection,
e.g., T cells in the blood. For these reasons, experimental models of infection using primary
cultured human cell types or tissues implanted into SCID mice will continue to play a
critical role in the analysis of VZV mediated immunomodulation and in driving analysis of
naturally infected cell and tissue samples.
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Fig. 1.
Proposed model of VZV transport from mucosal sites to the T cells in lymph nodes during
primary VZV infection. Copyright © American Society for Microbiology, J Virol, July
2001, pp. 6183–6192, vol. 75, no. 13. DOI: 10.1128/JVI.75.13.6183–6192.2001
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Fig. 2.
Varicella zoster virus infection of human immature DCs in vitro. Immunofluorescent
Staining of immature DCs at 48 h postinfection (a–e, g) and mock infected (f and h) for
CD1a (red staining) and VZV antigens ORF62 (a and f), ORF4 (b), ORF29 (c), ORF61 (d),
and glycoprotein C (e). Copyright © American Society for Microbiology, J Virol, July 2001,
pp. 6183–6192, vol. 75, no. 13. DOI: 10.1128/JV1.75.13.6183–6192.2001
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